aging sequence, with the 180Њ refocusing pulse shifted relaThe incremental transverse relaxation time, T 2 , of protons tive to its appearance in the regular spin-echo imaging sein regions of human vertebral cancellous bone closely correquence, such that the time interval between the 90Њ and 180Њ lates with trabecular structural arrangement (1), comprespulses is (TE 0 t)/2 and that between the 180Њ pulse and sive elastic modulus (2), and fracture risk (3, 4) . The phethe gradient-echo is (TE / t)/2, where TE is the time of nomena are believed to arise from the magnetic-field perturoccurrence of the gradient echo. The refocusing times for bation due to differences in diamagnetic susceptibility of the spin echo and the gradient echo therefore differ by an mineralized bone and surrounding marrow constituents (5-amount t. In the presence of local magnetic-field perturba-9). In this paper, a modified Dixon technique (10) was tions, due to the presence of adjacent diamagnetic trabeculae, implemented on a 9.4 T NMR microimaging system to investhe resulting change in the Larmor frequency of the proton tigate the effects of the trabecular network on the proton causes a net phase shift relative to a regular spin-echo image. NMR signal, providing direct evidence for the T 2 behavior
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The phase shift Df(x, y) is given by observed clinically (3, 11) . The results indicate a volume susceptibility of the trabeculae of about 00.3 to 00. 5 ppm
(SI units) relative to water, and further that the local magnetic-field effect is only sensitive to trabeculae oriented perwhere DB z (x, y) represents the local magnetic-field perturbapendicular to the external field. Therefore, in most MRI tion, which can be computed from the phase image Df(x, y). systems widely used clinically, T 2 of the human vertebral
The imaging experiments were performed on a Bruker body is sensitive only to the number density of horizontal AMX-400 9.4 T spectrometer equipped with microimaging trabeculae, the preferential loss of which is known to inaccessory. Spin-echo images were acquired using the pulse crease vertebral fracture incidence by causing buckling of sequence shown in Fig. 1 with t Å 0 and 1 ms at a resolution load-bearing vertical trabeculae (12-14). The findings in of 29 1 29 1 250 mm. The choice of t Å 1 ms allows this work thus have clinical implications for the early detecmapping of local magnetic fields of {0.06 G without causing tion of loss of horizontal trabeculae, corroborating the ratioaliasing. TR was 2000 ms and TE was 20 ms with a 512 1 nale for using T 2 measurements as a clinical tool to diagnose 512 image matrix. Both real and imaginary parts of the mild to severe vertebral osteoporosis. Further investigation reconstructed data were stored. Magnitude images showing of the magnetic-field distribution within this heterogeneous the trabecular structure were generated from the t Å 0 data. material also explains the voxel size dependence of T 2 reThe corresponding field maps were then obtained by taking ported previously (7, 15) . the phase difference of the images acquired at t Å 0 and 1 Cancellous bone specimens from human lumbar vertebrae ms, and phase wrapping problems were reduced by em-(L4-L5) were obtained at autopsy and kept frozen until ploying complex division instead of using phase differences used. Cylindrical cores parallel to the spinal axis were drilled (16). All the image calculations were performed on Silicon to about 1 cm 3 in volume and marrow was subsequently Graphics workstations using Matlab software. removed. Air bubbles were carefully removed following susFollowing the generation of the magnetic-field map for pension of the cleaned specimens in distilled water.
the bone specimens, a simple model of a diamagnetic cylin-A modified Dixon technique (10) (Fig. 1 ) was used to der was used to estimate the susceptibility of mineralized investigate microscopically the local magnetic-field distributrabeculae. Assuming an infinitely long diamagnetic cylinder tion within cancellous bone. It is basically a spin-echo imoriented along the y axis, perpendicular to an external magnetic field B o along the z direction, the local field outside the cylinder is given by (17)
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Philadelphia, Pennsylvania 19104. magnetic-field histograms showed nonexponential behavior, which was predicted by Yablonskiy et al. (8) and demonstrated experimentally by Newitt et al. (18) , and was thus not used for T 2 calculation. Figure 2a shows the magnitude spin-echo NMR microscopic images of a cancellous bone specimen from L5 of a 65-year-old female subject. The bone specimen was suspended in water in a round-bottomed vial, which was chosen because the quasi-ellipsoidal shape yields minimal magneticfield distortion inside the vial (19) . Figure 2b is the phase difference map between the images acquired with t Å 1 ms and t Å 0 in the modified Dixon sequence. With proper scaling according to the gray level, Fig. 2b is equivalent to  FIG. 1 . Pulse-sequence diagram of the modified Dixon technique used the magnetic-field map within the bone specimen. One nofor the measurement of local magnetic field within cancellous bone speci-tices first the similarity in texture between Figs. 2a and 2b, mens. The 180Њ refocusing pulse of a spin-echo sequence is shifted by except that in Fig. 2b , only horizontal patterns are visible.
t/2 ms toward the 90Њ excitation pulse so that the refocusing times for the Since the external magnetic field B o is along the vertical spin and gradient echoes differ by an amount t. The resulting change in resonance frequency, in the case of an inhomogeneous magnetic field, pro-direction in Fig. 2 , one concludes that the horizontal trabecuduces a net phase shift in the image pixels relative to the spin-echo image. lae contribute most to the local magnetic-field distortions.
By contrast, trabeculae parallel with B o do not significantly affect the field; therefore, proton T 2 in cancellous bone is only sensitive to the trabeculae oriented perpendicular to B o , where R is the radius of the cylinder, Dx is the susceptibility difference between the outer (water) and inner media (tra-a result consistent with theoretical predictions and experimental observations (1, 2, 9) . beculae), and x and z are the coordinates with respect to the center of the cylinder. Equation [2] was fitted to portions
The simulation of the local magnetic-field effects from a diamagnetic cylinder is shown in the format of a field profile of the phase images where the corresponding regions in the magnitude images resemble a rod-like trabecula intersected as in Fig. 3 (solid line) . Shown together is the field profile obtained from the microscopic field map (a vertical line in by the image plane. Dx was then obtained via least-squareerror fitting.
the white box of Fig. 2b ). Note the similarity between the two field patterns, except in the trabecula itself where there Finally, the estimation of T 2 of water protons in the presence of the trabecular network at 1.5 T, a typical field is no detectable MR signal and the phase therefore appears to have random values. Using the cylinder model to fit the strength of clinical MRI systems, was carried out using the microscopic magnetic field maps. Suppose the pixels in the magnetic-field map generated by several rod-like trabeculae, the volume susceptibility of the mineralized bone was esti-NMR microscopic phase images (29 1 29 1 250 mm) are sufficiently small such that each pixel represents a single-mated to be about 00.3 to 00.5 ppm (SI units) relative to water. spin isochromat, the intensity histogram within the sampling volume (volume-of-interest, VOI) is then the magnetic-field Figures 4a-4c show the estimation of the incremental line broadening (R 2 ) from the microscopic magnetic-field map, distribution within the VOI. T 2 at this equivalent voxel size at clinical settings can then be computed from the full-width-at two different VOI sizes. It is noticed from the magneticfield histograms that as the image-voxel size in a clinical at-half-maximum (FWHM) of the magnetic-field histogram, or from fitting of the time-domain FID signal Fourier trans-gradient-echo imaging sequence increases, the line width increases, consistent with a shortened T 2 . The same phenomformed from the field histogram.
The voxel size dependence of T 2 at clinical settings was ena are apparent in Fig. 5 , where R 2 was plotted as a function of VOI size for three trabecular specimens of different bone examined by varying VOI size from 7 1 7 to 50 1 50 pixels in the NMR microscopic images, leading to equivalent voxel fraction. One first notices that R 2 increases as bone fraction increases at all voxel sizes, indicating that R 2 may be used sizes from 0.21 1 0.21 1 0.25 mm to about 1.45 1 1.45 1 0.25 mm. Magnetic-field histograms were obtained from the as a measure of bone fraction to possibly diagnose osteoporosis. Furthermore, the almost monotonically increasing NMR microscopic phase images. Microscopic pixels having zero NMR signal (e.g., pixels belonging to trabeculae) were R 2 for increasing VOI sizes in Fig. 5 is not unexpected in that, in a magnetically heterogeneous system, a larger VOI excluded as they do not contribute to proton T 2 and have undefined phase. This process was carried out by examining tends to cover a wider range of magnetic-field values. It is also noted from Fig. 5 that as the VOI size increases so as the corresponding magnitude NMR microscopic images. Field histograms were then scaled down to 1.5 T, following to be comparable to the average distance between adjacent trabeculae, the increase of R 2 becomes less significant, bewhich R 2 was calculated using the FWHM method. The T 2 decay curves obtained by Fourier transformation of the cause a further increase in VOI size does not cover a wider range of magnetic-field values. This result is also consistent technique on a 9.4 T NMR microimaging system to investiwith previous experimental findings (7, 15) .
gate the magnetic-field perturbations induced by the trabecuIn summary, the present study uses a modified Dixon lar network. The results demonstrate that T 2 is sensitive only to the arrangement of trabeculae oriented perpendicular to the external polarizing field B o , in conformance with theoretical predictions. This selective sensitivity of T 2 to trabeculae perpendicular to B o explains its directional property in cancellous bone (2, 20) . Since the trabecular structure is known to be anisotropic (21, 22) , in general, the number of trabecular elements is expected to differ along various directions. As a consequence, when the orientation of cancellous bone is altered with respect to B o , proton T 2 also changes according to the number density of field-perturbing trabeculae (2, 8, 20) . Wolff 's law of bone remodeling states that trabeculae grow in response to the applied forces (23). During the normal aging process, the horizontal trabeculae are lost pref -FIG. 3 . Magnetic-field profiles along the B o direction, comparing the erentially in human vertebral bodies (12), causing increased simulation of local magnetic-field effects from a diamagnetic cylinder (solid bending and possibly buckling of load-bearing vertical traline) and the magnetic-field map near a rod-like trabecula (cross). The beculae (13, 14) . In practice, this means that a relatively voxel gray level inside the trabecula in Fig. 2b varies randomly because small change in material density can have a significant imthe phase of a signal-free voxel is undefined. Note the similarity between the two field patterns.
pact on both T 2 and bone strength. The findings from this . The linewidth measured from a VOI is equivalent to the R 2 value at the corresponding image-voxel size in a gradient-echo experiment performed at typical imaging resolution (about 1 to 2 mm). It is demonstrated from these magnetic-field histograms that, as the image voxel size is increased in a gradient-echo imaging sequence, the linewidth increases, consistent with a shortened T 2 .
work thus have important clinical implications in the early water interface is of short-distance range compared to the spatial resolution frequently used in clinical MR imaging. detection of loss of horizontal trabeculae, corroborating the rationale for using T 2 measurements as a clinical tool to Further, as the image-voxel size increases so as to be comparable to the average distance between adjacent trabeculae, diagnose mild to severe vertebral osteoporosis (3) .
This study shows that T 2 is critically dependent on image-larger voxels do not correspondingly cover a wider field distribution. R 2 at this spatial scale is therefore expected to voxel size, consistent with the behavior reported experimentally (15). Yet, the trend of R 2 increase on increasing image-remain invariant and independent of voxel size. The latter phenomena can be seen in Fig. 5 where the change of R 2 voxel size, as demonstrated in Fig. 5 , shows some more interesting aspects worth discussing. It is readily noticed becomes less significant at large voxel sizes. A slight increasing trend is still present in Fig. 5 , which is believed to arise that R 2 does not grow linearly. Hence, the inhomogeneous magnetic-field distribution within cancellous bone is not lin-from the background field inhomogeneity due to imperfect system external shape, mainly from the air-water interface ear in space. The implication from this observation is that the susceptibility-induced field distortion from the bone-at the top of the water level.
effect of bone-marrow composition should be taken into consideration (3).
